The mechanisms permitting nonpolymorphic CD1 molecules to present lipid antigens that differ considerably in polar head and aliphatic tails remain elusive. It is also unclear why hydrophobic motifs in the aliphatic tails of some antigens, which presumably embed inside CD1 pockets, contribute to determinants for T-cell recognition. The 1.9-Å crystal structure of an active complex of CD1b and a mycobacterial diacylsulfoglycolipid presented here provides some clues. Upon antigen binding, endogenous spacers of CD1b, which consist of a mixture of diradylglycerols, moved considerably within the lipid-binding groove. Spacer displacement was accompanied by F' pocket closure and an extensive rearrangement of residues exposed to T-cell receptors. Such structural reorganization resulted in reduction of the A' pocket capacity and led to incomplete embedding of the methyl-ramified portion of the phthioceranoyl chain of the antigen, explaining why such hydrophobic motifs are critical for T-cell receptor recognition. Mutagenesis experiments supported the functional importance of the observed structural alterations for T-cell stimulation. Overall, our data delineate a complex molecular mechanism combining spacer repositioning and ligandinduced conformational changes that, together with pocket intricacy, endows CD1b with the required molecular plasticity to present a broad range of structurally diverse antigens.
The mechanisms permitting nonpolymorphic CD1 molecules to present lipid antigens that differ considerably in polar head and aliphatic tails remain elusive. It is also unclear why hydrophobic motifs in the aliphatic tails of some antigens, which presumably embed inside CD1 pockets, contribute to determinants for T-cell recognition. The 1.9-Å crystal structure of an active complex of CD1b and a mycobacterial diacylsulfoglycolipid presented here provides some clues. Upon antigen binding, endogenous spacers of CD1b, which consist of a mixture of diradylglycerols, moved considerably within the lipid-binding groove. Spacer displacement was accompanied by F' pocket closure and an extensive rearrangement of residues exposed to T-cell receptors. Such structural reorganization resulted in reduction of the A' pocket capacity and led to incomplete embedding of the methyl-ramified portion of the phthioceranoyl chain of the antigen, explaining why such hydrophobic motifs are critical for T-cell receptor recognition. Mutagenesis experiments supported the functional importance of the observed structural alterations for T-cell stimulation. Overall, our data delineate a complex molecular mechanism combining spacer repositioning and ligandinduced conformational changes that, together with pocket intricacy, endows CD1b with the required molecular plasticity to present a broad range of structurally diverse antigens.
three-dimensional structure | groove shrinking | diacylglycerol endogenous ligand | T lymphocyte activation | CD1b mutant transfectant T lymphocytes have developed the capacity to recognize as antigens a large variety of molecules including peptides, (glyco)lipids, and phosphorylated metabolites (1) . Specific recognition of peptides or lipids by T-cell receptors (TCR) occurs when these molecules form antigenic complexes with dedicated antigen-presenting molecules belonging to MHC or CD1 families, respectively. Diversity has forced the immune system to develop appropriate strategies to present antigens in immunogenic form. Polymorphic MHC molecules cope with the peptide repertoire by constraining the ligand conformational space (2) . Less clear is how the immune system adapts to the large glycolipid antigenic range and forms antigenic complexes using the functionally nonpolymorphic CD1 molecules.
Human antigen-presenting cells (APC) display the CD1a, CD1b, CD1c, and CD1d proteins on their plasma membranes (1, 3) . CD1 ectodomains consist of a heavy chain, which folds into three extracellular domains (α1-α3) noncovalently associated with β2-microglobulin (4). Antigen-binding grooves nestle between the α1 and α2 domains and are mostly lined by hydrophobic residues. This allows the antigenic lipids to be anchored via their hydrophobic chains, so that polar motifs protrude toward the aqueous milieu. Consequently, polar heads but not hydrophobic tails are assumed to establish stimulatory contacts with TCRs. Nevertheless, modifications in the lipid chains may also indirectly impact on TCR recognition (5) .
The number, shape, and connectivity of pockets vary among CD1 molecules. CD1b has the most voluminous and intricate groove, being composed of A′, C′, and F′ pockets and a T′ tunnel that interconnects the deep ends of A′ and F′ pockets (6) . In agreement with groove structural complexity, human CD1b presents the greatest diversity of antigenic structures among CD1 proteins, including mycobacterial lipoarabinomannans and phosphatidylinositol mannosides (7-9), diacylsulfoglycolipids (Ac 2 SGL) (10), mycolic acids (MA) (11), glucose-and glycerolmonomycolates (GMM and GroMM, respectively) (12, 13) , and self-lipids such as GM1 gangliosides (14) and sulfatides (15) . The polar heads of these antigens vary in size from the small carboxylic group of MA to the pentasaccharide of GM1 or potentially larger structures in lipoarabinomannans. Hydrophobic tails, which decisively govern CD1-restricted presentation of some antigens (16, 17) , also greatly differ in length and structural complexity. For example, up to C 80 long tails, which are not trimmed before presentation (18) , compose MA and GMM, whereas short 18:1/16:0 tails are found in GM1.
Mycobacterium tuberculosis (Mtb) Ac 2 SGL lipids are known to stimulate specific T cells from Mtb-infected donors (10) and therefore are good candidate for novel lipid-based vaccines. Herein, we investigated how CD1b generates T-cell-stimulatory complexes with a synthetic sulfoglycolipid analog of Ac 2 SGL. Our study clarifies how CD1b copes with antigens of variable tail length and complexity and why in some cases T cells are strongly sensitive to the structure of antigen hydrophobic tails. These findings are relevant for the development of new-generation subunit vaccines.
Results
Stimulation of Specific T Cells by shCD1b Loaded in Vitro with Ac 2 SGL or SGL12. In the present study we investigated the structural and functional characteristics of native recombinant soluble human CD1b (shCD1b, expressed from mammalian cells) in complex with the Ac 2 SGL antigen or the synthetic analog SGL12 (Fig.  S1A) . Complex formation was confirmed by isoelectric focusing (IEF) (Fig. S1B and ref. 17 ) and found to be optimal at pH 4.0 (Fig. S1C ), in agreement with previous findings proving that presentation requires CD1b and Ac 2 SGL to encounter in acidic compartments of living APC (10) . Importantly, plate-bound shCD1b-SGL12 elicited strong cytokine release from Ac 2 SGLspecific T cells (Fig. S1D) . These experiments also confirmed the antigen specificity, the CD1b restriction of the T-cell response, and ruled out potential effects of the CD1b-expression system (Fig. S1 D-F) . Immunogenic shCD1b-antigen complexes were characterized by native mass spectrometry (n-MS) (19) , an approach that permitted identification of phosphatidylcholine (PC) and a spacer molecule (UL) as major endogenous ligands associated to shCD1b (20) . We focused on complexes with SGL12, because naturally occurring Ac 2 SGL is molecularly heterogeneous in fatty acids linked at positions 2 and 3 of the sulfotrehalose (Fig. S1A ).
To further facilitate the interpretation of MS data, shCD1b-SGL12 was enriched by chromatofocusing.
In positive-ion mode electrospray ionization (ESI) n-MS, the mass of the major species observed for fully glycosylated shCD1b-SGL12 (Fig. 1A , black line) supported the association of SGL12 (1,064 Da) with ligand-free shCD1b (major species with unloaded shCD1b; Fig. 1B, black line) . The shCD1b-SGL12 species nearly disappeared when the desolvation energy was reduced, and a peak that suggested simultaneous UL presence emerged (Fig. 1A, gray line) . The presence of shCD1b-SGL12-UL in solution was supported by the negative-ion mode ESI data. Thus, whereas ligand-free shCD1b was detected as major species (Fig. 1C, black line) , a broad peak was again observed at lower desolvation energy (Fig. 1C, gray line) . The higher than expected weight of this species is likely due to unspecific binding of water and buffer molecules onto the gas phase ions at low energies (21) .
Tandem MS-MS studies helped to corroborate the identity of the shCD1b-SGL12-UL species. Subjecting the presumed shCD1b-SGL12-UL 14+ pseudomolecular ions to collision-induced dissociation led to the precursor ion (indicated by an asterisk in Fig. 1D ) and to two peaks indicative of dissociation of 600-to 640-Da ligands, which were directly detected in the low m/z region (Fig. 1D, Inset) . In these experiments, dissociation of the anionic SGL12 was likely prevented by the tight interaction with the positively charged protein surface. Definitive proof for the simultaneous presence of SGL12 was attained when the shCD1b-SGL12-UL 12− ions were subjected to tandem MS-MS. The precursor ion decomposed by loss of approximately 1,070 Da and a negative charge (-SGL12; Fig. 1F ). Additional signals arose from neutral loss of ca. 550 Da (-UL) or a simultaneous loss of approximately 1,600 Da (-SGL12 -UL). Further supporting the presence of SGL12, its molecular ion was observed in the low m/z region of the spectrum, whereas no signal attributable to UL was detected.
Identification of the Spacer Lipid. Weak signal intensities and the difficulties to fragment UL species dissociating from shCD1b impeded their characterization by n-MS. We then attempted the characterization of protein extracts by Fourier transform ion cyclotron resonance (FT-ICR) MS, a technique that could permit direct attribution of molecular formula from mass values. UL species could be recovered in petroleum ether (PE) after complete digestion of shCD1b with proteinase K, whereas PC was mostly found in subsequent extractions with chloroform. UL signals were detected in positive-ion mode ESI FT-ICR MS (Fig.  S2A) , at m/z values matching well those observed for species that dissociate from shCD1b in n-MS experiments ( Fig. 1D and Fig.  S2B ). Relative intensities varied notably between the two spectra. This was attributed to instrumentation effects (see below), because data obtained by n-MS on the PE extract resembled closely the spectra recorded from shCD1b (compare Fig. S2 B and C).
Elemental composition analysis permitted grouping of UL species detected by FT-ICR MS as belonging to three families. First-group masses invariantly furnished as best hit C 35-43 H 67-73 O 3 molecular formula (Table S1 , in plain black letters). For the second family, masses matched within the instrument accuracy (<3 ppm) to C 35-43 H 65-75 O 4 formula (Table S1 , bold black letters). Some of these masses also fitted to C x H y O 4 Na + or C x H y O 3 Li + adducts. Conversely, hits with four or six nitrogen atoms (e.g., C 38 H 68 N 4 Na for m/z 603.5341 species) were ruled out because unprecedented in the literature and in public lipid databases. Finally, two peaks were assigned to C 37-39 H 70-72 O 5 Na (Table S1 in gray), suggesting diacylglycerol sodium adducts (diAcGro).
With the exception of a few C x H y O 3 Li + hits, all species in Table S1 furnished formula with odd carbon atom number. We interpreted this as indicative of the presence of glycerol-based moieties (C 3 ). Extracted UL species continued to be reluctant to fragmentation in tandem MS experiments. Exploitable data could only be obtained for the species at m/z 603.5 ( Fig. S2D) , which furnished almost identical spectra to those obtained after selection of the m/z 603.5 signal present in commercial triolein, which arises from elimination of a single oleic acid (Fig. S2E) .
Major UL species migrated on silica TLC plates comparably to synthetic diradylglycerols and were more retained than wax esters (i.e., stearyl-stearate) (Fig. S2F) Table S1 . To clarify this point, a 1 H NMR spectrum was recorded overnight on a PE-extracted UL sample and compared with a control sample (Fig. S2G , Top vs. Middle). Signals in the 2.2-to 5.2-ppm interval supported that UL mostly consisted of a mixture of 1,2-and 1,3-regioisomers of AkAcGro and diAcGro. Indeed, the UL spectrum closely resembled the MS experiments identified shCD1b-SGL12-UL with 1:1:1 stoichiometry as the T-cell stimulatory complex. To clarify how diacylsulfoglycolipid presentation to T cells is compatible with the presence of UL, a strongly stimulatory sample containing fully glycosylated shCD1b loaded to approximately 75% occupancy with SGL12 was crystallized, and the structure was solved at a resolution of 1.90 Å (Table S2 ). Two molecules (copy A and B) were found per crystallographic asymmetric unit. All main structural features were similar for both molecules (rmsd of 0.40 Å on backbone atoms) and were common to published CD1b structures (6, 20, 22) . The C′ portal was closed in both copies.
SGL12 was unequivocally identified in copy A (Fig. 2A) . Electron density consistent with the sulfotrehalose polar head and disconnected stretches of the lipid tails was present in this copy from the earliest electron density maps. Conversely, weak electron density was found at the same relative location in the second copy (Fig. 2B) , suggesting low SGL12 pocket occupancy. For that reason, the polar head for this second copy was omitted from the final structure. Extra electron density indicative of spacers presence was also found filling the T′ channel and the F′ pocket in both copies ( Fig. 2A) . The species and length heterogeneity of spacers and the impossibility of predicting its insertion orientation within the groove led us to build into such electron density a C 40 -long carbon chain representative for the average length of diradylGro species.
The electron density of the SGL12 sulfotrehalose head in copy A connected during refinement to the electron density tube present in the C′ pocket but not with those extending downward to the A′ or F′ pockets. Nonetheless, such lack of connectivity was not a source of structural ambiguity concerning the lipid insertion mode, because the structural constraints imposed by the well-defined sulfotrehalose head dictated an unequivocal arrangement with the palmitic acid in the C′ pocket and the phthioceranoyl-like tail in the A′ pocket. The gap of electron density between the A′ entrance and the polar head corresponded to the tetramethyl-branched portion of the fatty acid tail that esterifies position 3 of SGL12 (Fig. S1A) . This hydrophobic patch is located in an unfavorable water-exposed environment that must prevent the establishment of a privileged conformation. In addition, its emplacement at the entrance of the A′ pocket must fluctuate depending on the length heterogeneity of accompanying spacer molecules. These two factors might explain the poor definition in the electron density map for this patch.
Polar Head Exposure and Positioning Above the Groove. Hydrogen bonds between the guanidinium group of Arg79 and the 3′-and 4'-OH groups of the sulfated glucose stabilized in copy A the SGL12 polar head in a conformation that may favor the interaction of the sulfate with the TCR (Fig. 2C ), in agreement with its essential role in T-cell activation (10). Arg79 is conserved in CD1b and CD1d of other species and plays a key ligandbinding role in CD1d structures (23) (24) (25) . However, unlike CD1d, which often holds lipid polar heads by establishing hydrogen bond interactions with several residues (23) (24) (25) (26) (27) (28) , no further direct polar head-anchoring residues were found in the SGL12-loaded CD1b structure. The interaction between the SGL12 sulfotrehalose and Arg79 was solely reinforced by indirect hydrogen bonds, mediated by water molecules, with Gly76 and Gln152.
Polar heads are usually weakly defined in 3D structures of CD1b-lipid complexes (6, 20, 22) . In relation to this, the SGL12 sulfotrehalose is ca. 3 and 10 Å more elevated above the pocket main portal than, for instance, the galactosyl rings of αGalCer and sulfatides bound to CD1d (27) and CD1a (29) , respectively. Taken together, these data indicate that CD1b weakly interacts with polar groups of anchored ligands, which might be required to facilitate the presentation of antigens with a range of polar heads.
Antigen Binding Induces Conformational Changes in CD1b. Remarkably, the presence of SGL12 was accompanied by an important shift toward the α1-helix of backbone and side-chain atoms of residues 149-152 that connect two helical segments of the α2-domain (Fig. 2D) . The rmsd of backbone atoms from these four residues in copy A compared with their position in natively folded shCD1b was 2.4 Å (20) . In contrast, the conformation of these residues in copy B, in shCD1b and in other published CD1b structures (6, 22) , was essentially identical (rmsd below 0.6 Å). The displacement in the SGL12-loaded copy resulted in the establishment of a hydrogen bond between the Glu80 side-chain carboxylate and the Tyr151 hydroxyl group (Fig. 2 D and E) . The interatomic distance between the two closest oxygen atoms from each residue decreased from 5.9 Å in natively folded shCD1b (Fig. 2F ) to 2.6 Å in the SGL12-loaded copy. Accompanying these movements, the side-chain of Gln152 oriented toward the TCR-contacting interface, compared with other published structures (6, 20, 22) , suggesting that this residue might play a role in modulating the interaction with TCR.
The conformational change of residues 149-152 had important structural consequences. It occluded the F′ pocket entrance, preventing spacer egress toward the TCR contacting surface. Compared with unloaded shCD1b, spacers repositioned by the length of at least 6 methylene units toward the A′ pocket in copy A, clearing above the F′ pocket the necessary space to accommodate the SGL12 sulfated glucose (compare Fig. 2 E and F) . The groove volume decreased from approximately 2,400 Å 3 in natively folded shCD1b to <2,200 Å 3 in the presence of SGL12. Overall, this conformational rearrangement appears incompatible with full embedding of the SGL12 phthioceranoyl-like tail inside the A′ pocket and thus forces its methyl-branched motif to remain exposed above the CD1b surface.
Influence of CD1b Conformational Dhanges on T-Cell Stimulation. To investigate whether such groove structural reorganization is important for Ac 2 SGL/SGL12 presentation to T cells, we evaluated T-cell responses using CD1b with Ala point mutations at residues Glu80 or Tyr151 (implicated in F′ pocket closure) or at Gln152 (residue that flipped toward the TCR in copy A). Stably transfected C1R cells expressing matched surface levels of wild-type and mutant CD1b were selected (Fig. 3A) , and their capacities to activate the Ac 2 SGL-specific T cells were evaluated (Fig. 3B) .
Replacement of Glu80 or Tyr151 with Ala fully abrogated T-cell responses to Ac 2 SGL and SGL12, supporting the importance of the conformational changes observed in the CD1b-SGL12-UL structure for productive Ac 2 SGL presentation. Differently from E80A and Y151A, the Q152A mutation resulted in increased T-cell responses to Ac 2 SGL and SGL12 at all antigen doses. Enhanced cytokine secretion at saturating Ac 2 SGL doses argued against differences in the number of antigenic complexes displayed by Q152A CD1b at the APC surface, compared with wild-type CD1b, and suggested that complexes with stronger stimulatory capacity were formed. These results collectively indicate that the conformational changes of CD1b residues 149-152 control T-cell responses to Ac 2 SGL antigens.
Discussion
CD1b presents a remarkable variety of (glyco)lipids to T cells (1, 3) . Previous structural studies described the intricacy of the CD1b groove (6, 20, 22) , providing initial hints as to the mechanism of CD1b adaptation to lipid antigen. A detailed comprehension could not be attained because crystallized complexes were refolded in the presence of lipids and detergent, and the latter coincidentally occupied major portions of the T′ and F′ pockets (6) , and also because the T-cell-stimulatory potential of the in vitro-refolded complexes was not assessed. The data presented herein were obtained from a CD1b-antigen complex prepared from natively folded protein and having T-cell-stimulatory activity. A major finding was that CD1b presents Ac 2 SGL antigens to T cells with the participation of endogenous spacers. Our structural investigations indicated that spacers are 1,2-and 1,3-diacyl-and alkylacyl-glycerols, which are abundant components of cellular lipids (30) . This ligand seemed to play an unpredicted functional role. In the presence of SGL12 and constrained by F′ pocket closing, spacers repositioned within the F′-T′-A′ superchannel toward the A′ pocket, compared with its position in unloaded shCD1b. Such movement not only allowed the accommodation of the bulky antigen polar head but also reduced the capacity of the A′ pocket for the SGL12 tail. This can be stated regardless of the length heterogeneity of spacers (C 36-44 or C 37-45 for 1,2-or 1,3-diradylGro, respectively), because (i) no mass differences were noted between spacer species dissociating from shCD1b-PC-UL and shCD1b-SGL12-UL complexes, and (ii) because F′ closing unambiguously blocks spacer egress in the SGL12-loaded structure. Considering that the A′-T′-F′ superchannel has the potential to accommodate approximately C 56-60 -long tails (6) and that the mean spacer length is C 40 , the repositioning of the latter is assumed to cause exposition of the methyl-ramified portion of the C 24 -long tail of SGL12. Such possibility would explain why methyl ramifications in Ac 2 SGL and SGL are essential for antigenicity (17) .
Binding of SGL12 to shCD1b was accompanied by conformational changes of residues 149-152 that brought closer the α1 and α2 helices and shut the F′ pocket entrance. Supporting the functional importance of these alterations, both E80A and Y151A CD1b mutants failed to elicit T-cell responses to Ac 2 SGL/SGL12. Although still compatible with two residues that coincidentally contacted the Ac 2 SGL-specific TCR, our combined functional and structural data rather suggest that Glu80 and Tyr151 are important because they sustain F′ closure and spacer displacement, alterations that would be mandatory for presentation of diacylsulfoglycolipids. Interestingly, F′ closure implicating the same two residues has been observed in the crystal structure of bovine CD1b3 (31) . Such mechanism of groove tailoring to ligand structure thus differed from a proposed mechanism involving an alternate side-chain conformation of Phe84 (6) .
Among residues 149-152, the Gln152 residue underwent a remarkable revolution of approximately 90°in the presence of SGL12 and adopted a position pointing toward the TCR. Indeed, residues 149-152 are at the most protruding region above the CD1b lipid-binding cleft. Any rearrangement of their conformation is expected to impact recognition by T cells. This was proven by the considerably stronger T-cell responses elicited with the CD1b Q152A mutant compared with wild-type CD1b. Further experimentation will be required to explore the role of Gln152 in restraining T-cell responses. Interestingly, a similar rearrangement of α2 interhelical residues of HLA-A2 was also noted in the crystal structure of a ternary complex HLA-A2/ peptide/TCR (32) . The conformation of residues Ala150-Val152 was found to switch in the face of the same TCR depending on the identity of the antigenic peptide, highlighting a mechanism whereby the antigen tuned the dynamic properties of the MHC molecule, and ultimately of the TCR, and facilitated cross-reactivity. Similarly, the flexibility of that interhelical segment could be exploited in CD1b as a means to further expand the structural diversity of antigens presented to T cells.
An intriguing question is how the structural reorganization of the SGL12-occupied groove was triggered (20) . F′ closure and spacer repositioning might be consequence of the PC/antigen exchange process. Concomitant with PC discharge, spacers are predicted to slide within the groove to stabilize emptied portions. The Tyr151 would then interact with Glu80, thus closing the F′ entrance, a mechanism that could serve to prevent insertion of lipid tails into the F′ pocket. Eventually, spacer displacement might be reinforced by strong hydrogen bonds between diradylGro molecules and CD1b groove residues (Fig. S3) . Short-tailed antigens would then bind to A′ and C′ pockets in combination with fully embedded spacers. The mentioned Glu80-Tyr151 and spacer-CD1b hydrogen bonds would contribute to retain exposed above the A' pocket medium-sized tails like those from Ac 2 SGL. Conversely, these bonds would break and spacers would be expelled for presentation of Mtb MA, GMM, or GroMM.
In conclusion, this study revealed several unique structural features that confer CD1b with unusual pocket plasticity. These include an intricate pocket design, the presence of a repositionable spacer, the rearrangement of key residues affecting TCR recognition, and the ability to switch from an open to closed state the main entrance toward the F′ pocket and the C′ portal. Altogether, these features endow CD1b with an extraordinary flexibility in adapting to foreign antigens, thus facilitating lipid antigen recognition and antimicrobial immune responses.
Methods
Reagents, cell lines, the preparation of APC transfectants, T-cell activation assays, and other experimental details are described in SI Methods.
Native Nano ESI Mass Spectrometry. Recombinant shCD1b loaded with SGL12 was purified by chromatofocusing on a MonoP column (GE Healthcare) using a pH gradient between 6.5 and 4.0. Enriched CD1b-SGL12 complex was recovered as second eluting peak, concentrated, and buffer-exchanged against 10 mM Na acetate, pH 5.0. The last 18 residues belonging to the BirA extension tag were then removed by incubation of CD1b-SGL12 with LysC endoproteinase (Roche) (200:1 weight ratio) at 30°C for 6 h, in 25 mM Tris/5 mM EDTA, pH 8.5. Details concerning the analysis by n-MS are given in SI Methods.
Extraction of the Endogenous Spacer from shCD1b. Recombinant shCD1b (2 mg) was immunopurified as previously described (20), with modifications. After PBS, column wash was continued with deionized water (30 mL), and the protein was eluted with aqueous acetic acid (25 mL, 0.2 M, pH 2.6) and collected in glass tubes. After pH neutralization with ammonium hydroxide (30%), pooled fractions were concentrated under vacuum to 1 to 2 mL and treated overnight at 30°C with proteinase K (20 U, from Tritirachium album; Sigma). Lipids were extracted by three successive steps with PE (HPLC grade, 2 mL per step). Upper organic phases were pooled and dried. The aqueous phase was flowed with N 2 to remove remaining PE, and extraction was pursued with 2 × 2 mL of CHCl 3 (HPLC grade). The bottom phases were pooled and dried.
Analysis by FT-ICR MS. Protein ligands extracted with PE or CHCl 3 were analyzed by ESI FT-ICR MS, using a hybrid APEX Qe Instrument (Bruker Daltonics) equipped with an actively shielded 7-T magnet and a dual ESI source. Mass spectra were acquired in the positive-ion mode using standard experimental sequences as provided by the manufacturer. Samples were dissolved in a 50:50:0.03 (vol/vol/vol) mixture of 2-propanol/water/AA (30 mM) at pH 4.5 and sprayed at a flow rate of 2 μL/min. Capillary entrance voltage was set to 3.8 kV and drying gas temperature to 200°C. Mass scale calibration was performed externally and controlled internally with compounds of known structure assuring a mass accuracy below 3 ppm.
Thin-Layer Chromatography. Silica gel TLC plates (SIL G/UV 254 0.20 mm, 10 cm high; Macherey-Nagel) were prewashed by running successively to 9 cm first with CHCl 3 /MeOH (9:1, vol/vol) and second with PE/Et 2 O (15:5, vol/vol). After the plate dried, samples (1-4 μg) were loaded and developed with PE/Et 2 O/ acetic acid (15:5:0.2, vol/vol/vol) to 8 cm. For visualization, the plates were dipped into 10% cupric sulfate in MeOH containing 4% phosphoric acid and 4% sulfuric acid, before being charred at 180°C for 10 min.
Crystallization of the Glycosylated shCD1b-SGL12-UL Complex. Mouseexpressed shCD1b was loaded with SGL12 (SI Methods). After pH neutralization, the protein was purified by anion-exchange chromatography (BioScale Q2 column; Bio-Rad) using a linear gradient from buffer A (10 mM Bis-Tris/1 mM EDTA/pH 6.5) to buffer B (500 mM NaCl in buffer A). The best crystals were grown after 1-3 d at 20°C, using the hanging-drop vapordiffusion method, from drops containing 1 μL shCD1b-SGL12 (5 mg/mL in 10 mM Bis-Tris/30-50 mM NaCl/1 mM EDTA/pH 6.5) and 1.0 μL precipitant [1.9 M (NH 4 ) 2 SO 4 , 0.2 M NH 4 Ac, pH 6.6)]. Experimental details concerning X-ray data collection, structure determination, analysis and presentation are given in SI Methods.
